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Abstract. Several in situ measurements performed in the so-
lar wind evidenced that solar type III radio bursts were some-
times associated with locally excited Langmuir waves, high-
energy electron ﬂuxes and low-frequency electrostatic and
electromagnetic waves; moreover, in some cases, the simul-
taneous identiﬁcation of energetic electron ﬂuxes, Langmuir
and whistler waves was performed. This paper shows how
whistlers can be excited in the disturbed solar wind through
the so-called “fan instability” by interacting with energetic
electrons at the anomalous Doppler resonance. This instabil-
ity process, which is driven by the anisotropy in the energetic
electron velocity distribution along the ambient magnetic
ﬁeld, does not require any positive slope in the suprather-
mal electron tail and thus can account for physical situations
where plateaued reduced electron velocity distributions were
observed in solar wind plasmas in association with Langmuir
and whistler waves. Owing to linear calculations of growth
rates, we show that for disturbed solar wind conditions (that
is, when suprathermal particle ﬂuxes propagate along the
ambient magnetic ﬁeld), the fan instability can excite VLF
waves (whistlers and lower hybrid waves) with characteris-
tics close to those observed in space experiments.
Key words. Space plasma physics (waves and instabilities)
– Radio Science (waves in plasma) – Solar physics, astro-
physics and astronomy (radio emissions)
1 Introduction
Solar type III radio bursts are generated by energetic electron
beams – sometimes associated with solar ﬂares – which orig-
inate from the solar corona and travel along open magnetic
lines toward the interplanetary space (Zaitsev et al., 1972,
1974; Melrose, 1974; Gurnett and Anderson, 1976). Several
in situ measurements evidenced that these radio bursts were
sometimes associated with locally excited Langmuir waves,
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high-energy electron ﬂuxes and low-frequency electrostatic
and electromagnetic waves (Lin et al., 1981, 1986, 1998;
Kellogg et al., 1992a, b; Stone et al., 1995; Reiner et al.,
1992; Thejappa et al., 1995; Ergun et al., 1998; Thejappa and
MacDowall, 1998; Moullard et al., 1998, 2001); moreover,
the simultaneous identiﬁcation of energetic electron ﬂuxes,
Langmuir and whistler waves was performed by some of the
cited experiments. It is commonly believed that the impul-
sivesolarelectronsejectedfromthecoronadevelopastream-
ing anisotropy as the faster electrons catch up to the slower
ones, which results in the appearance of a bump (or beam) in
the tail of the electron velocity distribution. Langmuir waves
are then supposed to be generated by a bump-in-tail insta-
bility which is saturated by the quasi-linear relaxation of the
beam and ﬁnally leads to the ﬂattening of the velocity distri-
bution in the tail region (Ginzburg and Zheleznyakov, 1958).
The Langmuir waves excited at the plasma frequency ωp are
then believed to be involved in nonlinear wave-wave inter-
action processes and to be converted in escaping radiation
at the plasma frequency and its harmonic 2ωp, giving rise to
strong radio emissions (e.g. Papadopoulos et al., 1974; Bard-
well and Goldman, 1976; Smith et al., 1979). Even if several
in situ observations conﬁrm part of this scenario, many fea-
tures governing the mechanisms of the appearance of these
radio bursts remain, up until now, to be understood. Indeed,
many questions remain to be solved concerning the gener-
ation mechanisms of each type of wave which participates
in the production of the bursts, the processes that govern the
high-energy ﬂuxes’ evolution and the role of nonlinear wave-
wave interactions. In this paper, our attention will be focused
on the role of low-frequency waves as whistlers and lower
hybrid waves in the solar wind and more speciﬁcally, in the
generation of type III solar radio bursts.
Whistlers observed in the solar wind are usually believed
to be generated by some instability caused by the distortion
oftheelectronvelocitydistributionfromthemaxwellianone.
Most probable instabilities are due to the anisotropy between
the perpendicular and the parallel electronic temperatures
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1999b), to the anisotropy of the parallel velocity distribution
which appears through heat transfer (Forslund et al., 1972;
Gary et al., 1975; Jie Zhao et al., 1996), or to the presence
of suprathermal electron ﬂuxes or beams (Kennel and Wong,
1967; Tokar et al., 1984; Ergun et al., 1993; Omelchenko et
al., 1994). Whistlers can also be excited by nonlinear wave-
wave processes; let us cite, for example, the decay of a Lang-
muir wave into another Langmuir wave with the participation
of whistlers and lower hybrid waves, as considered by Kuo
and Lee (1989), Leyser (1991), Sawhney et al. (1996) and
Sharma et al. (1998) for ionospheric and laboratory experi-
ment conditions, and only by Abalde et al. (1998), Chian and
Abalde (1999) and Luo et al. (2000) for solar wind plasma
conditions.
During the solar III radio bursts observed by the Wind
spacecraft (Ergun et al., 1998), locally enhanced Langmuir
waves were observed in the solar wind in association with
ﬂuxes of high-energy solar impulsive electrons ranging from
2 to 12keV, as well as with low-frequency electromagnetic
and electrostatic emissions (whistlers, lower hybrid waves
and ion acoustic waves). However, the measured electron
reduced velocity distributions (that is, the total electron ve-
locity distributions integrated on the perpendicular velocity)
were rarely exhibiting bump-in-tail features and for most
of the recorded data the distributions were marginally sta-
ble or plateaued during the appearance of the strong Lang-
muir emissions. Nevertheless, in the case of the ISEE-3
experiment (Lin et al., 1981), very clear and long-living
bumps in the reduced electron distributions were detected,
that is, strong positive slopes persisting for periods greater
than 10min. This discrepancy between both experiments,
maybe partly due to the solar activity during measurements,
allow one to suppose that not only one, but several various
physical phenomena should play and interfere together.
Moreover, such kinds of observations were also performed
in other regions of the solar wind where the electron veloc-
ity distributions exhibit various peculiarities. Indeed, locally
enhanced Langmuir waves were observed in the solar wind
in association with high-energy electron ﬂuxes and whistlers
in the auroral ionosphere above 500km altitude (Ergun et
al., 1993; Muschietti et al., 1997). The following mecha-
nism was proposed to describe one possible source of growth
for VLF waves: after the reduced electron velocity distribu-
tion is plateaued by the Langmuir oscillations, it can how-
ever remain unstable to electrostatic whistlers with a ﬁnite
perpendicular wave number that can interact at the Landau
resonance with ﬁeld-aligned electrons of energies ranging
from 100eV to 3keV. On another hand, reporting on low-
frequency magnetic ﬁeld ﬂuctuations that are enhanced be-
hind interplanetary shocks, Corotini et al. (1982) presented
indirect evidence that whistlers propagating at very large
normal angles (above 70 degrees) and with wavelengths of
the order of c/ωp may be generated in the solar wind dur-
ing disturbed times. Owing to some theoretical study, au-
thors argue that these oblique whistlers may be excited by
electron free energy, although no measurements of particle
ﬂuxes were available. Sentman et al. (1983) suggest that
these whistlers may be driven by a non-maxwellian feature
of the solar wind velocity distribution (pear-shaped structure)
in disturbed times and may grow via Landau resonance with
this free source. Such type of distribution is closely asso-
ciated with the presence of obliquely propagating whistlers
with a frequency of around 1Hz, which were often observed
within the electron foreshock (Hoppe et al., 1982). Ex-
tremely intense parallel-propagating whistlers were also evi-
denced recently near the bow shock by the Geotail satellite,
and were believed to be excited by electron beams with tem-
perature anisotropy (Zhang et al., 1999b). The same mecha-
nism of excitation is proposed to explain the observation of
quasi-parallel propagating whistlers in the Earth’s magneto-
tail (Zhang et al., 1999a) or the correlation which was evi-
denced in the plasma sheet boundary layer between broad-
band electrostatic noise around 10kHz, energetic electrons
around 1keV to tens of keV and whistler mode magnetic
noise bursts below 178Hz (Parks et al., 1984).
After this brief list of examples showing the presence of
whistlers in the solar wind in various regions of the inter-
planetary space and of the near-Earth’s environment, one
can ask the fundamental following questions: what is the
source of the whistlers observed in the solar wind and, more
speciﬁcally, what is the source of the whistlers observed
in association with solar bursts? Are whistlers and Lang-
muir waves coupled through nonlinear wave-wave interac-
tions (Kennel et al., 1980) or are they excited simultane-
ously by the electron ﬂuxes (Thejappa et al., 1995)? What
inﬂuence do whistlers produce on the Langmuir turbulence,
whichisbelievedtobethemainagentoftheradiobursts? Do
the whistlers play a role in the fact that the electron ﬂuxes can
propagate along very long distances from the solar corona to
1AU before being plateaued, as shown by observations? In-
deed, one can suppose that Langmuir excitation will lead to
strong particle diffusion in velocity space and will not allow
for the propagation of a coherent stream of electrons far from
the Sun, but only along a few kilometers. Thus, in order to
explain the observations, one has to ﬁnd which mechanisms
can stabilize the Langmuir instability so that waves will not
grow enough to interact with the beam and destroy the bump;
for example, it was proposed that nonlinear processes – as
induced scattering, Langmuir backscatter, modulational in-
stability, strong turbulence, electrostatic decay (Kaplan and
Tsytovich, 1973; Papadopoulos et al., 1974; Smith et al.,
1979) – could scatter the Langmuir waves out of the reso-
nance with the beam in a time scale much shorter than the
quasi-linear relaxation process and thus suppress it. More-
over, during the quasi-linear relaxation process, what is the
inﬂuence of the parallel heating of the plasma bulk, as well
as the modiﬁcation of the temperature in the beam region, on
the temperature anisotropy of the velocity distribution which
is supposed to drive important instabilities? Clear answers to
these various questions remain, up until now, to be provided.
In the physical scenario that we propose here, one as-
sumes that after the quasi-linear relaxation of the bump in
the electron parallel velocity distribution due to Langmuir
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“fan instability” by interacting with the energetic electrons at
the anomalous Doppler resonance. This instability does not
require any positive slope in the suprathermal electron tail
and thus can account for physical situations where plateaued
reduced electron velocity distributions were observed in as-
sociation with Langmuir and whistler waves; in this case,
whistlers can use the free energy from the beam that is not
available for Langmuir waves. This instability process is
driven by the anisotropy in the energetic electron velocity
distribution along the ambient magnetic ﬁeld (Shapiro and
Shevchenko, 1968; Haber et al., 1978). It was ﬁrst dis-
cussed in the frame of thermonuclear fusion by Kadomtsev
and Pogutse (1967) and was namely shown to generate elec-
tron Bernstein modes in the magnetosphere (Volokitin and
Lizunov, 1995) or lower hybrid waves in the ionosphere with
electron currents (Atamanyuk and Volokitin, 2001). The
threshold of this instability is overcome if the number of
electrons giving energy to the wave interacting at the anoma-
lous Doppler resonance exceeds the number of electrons tak-
ing energy from the wave at the Cherenkov and the normal
Doppler resonances (Mikhailovskii, 1974; Omelchenko et
al., 1994). Considering the nonlinear stage, this fan insta-
bility can be shown to saturate, owing to particle trapping
and exchanges of energy between waves and particles, pro-
ducing a bump in the tail of the parallel velocity distribution
(Volokitin and Krafft, 2003). This bump can, in turn, excite
waves through various mechanisms and inﬂuence noticeably
the electron suprathermal tail evolution.
However, one could argue that such an instability process
cannot excite waves easily due to the fact that the parallel (as
well as the perpendicular) velocity distribution function of
the solar wind hot electronic population has been shown to
decrease as a power law and, thus, that the amount of parti-
cles at Landau resonance is many orders of magnitude larger
than the particle ﬂux present at the anomalous cyclotron res-
onant velocity, making it hard for the hot electrons in anoma-
lous cyclotron resonance with waves to overcome the stabi-
lizing effect of the more cold Landau resonant electrons. But
we consider here suprathermal tails produced by any distur-
bances which can enhance the hot tail population. For exam-
ple, as we explained above, after the rapidly growing Lang-
muir waves lead to a ﬂatter distribution function in the region
of the positive slope, the particles diffuse to lower velocity
according to quasi-linear relaxation, feeding the suprather-
mal tail of the parallel distribution function with electrons
whichcaninteractattheanomalouscyclotronresonancewith
VLF waves.
Owing to linear calculations of growth rates, we demon-
strate in this paper that, for disturbed solar wind conditions
(that is, when suprathermal particles ﬂuxes propagate along
the ambient magnetic ﬁeld), the fan instability can excite
VLF waves (whistlers and lower hybrid waves) with char-
acteristics close to those observed in the solar wind. Con-
sidering two of the examples cited above, that is the cases
of auroral solar wind and type III solar radio burst plasma
conditions, calculations show that oblique whistlers can be
excited through the mechanism of fan instability at the same
frequencies as those observed in the space experiments.
2 Fan instability of sheared whistlers
2.1 Linear growth rate
Sheared whistlers, or so-called electromagnetic lower hybrid
waves, are oblique propagating whistlers whose frequencies
ω are much lower than the electron gyrofrequency, ω  ωc,
and whose parallel wave numbers are much less than their
perpendicular ones, k2
z  k2
⊥ ' k2. Their dispersion relation
is
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which can be written for most of the typical solar wind con-
ditions where ωp  ωc as
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where ωp and ωpi are the electron and ion plasma frequen-
cies, respectively; k is the modulus of the wave number
k(k⊥,kz). This relation can be easily obtained using the
Maxwell equations in the k-space

k2δij − kikj

Ej −
ω
c
2
εijEj = 0, (3)
where Ej is the j-component of the electric ﬁeld, as well as
the components εij of the dielectric tensor in the cold plasma
approximation
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where the small components εxz and εyz can be neglected.
Then Eq. (3) can be presented as (ky = 0)
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and, neglecting the small terms proportional to ω2/ω2
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c, one obtains
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which leads to Eq. (1) when assuming that k2
z  k2
⊥.
The complex electric ﬁeld E of the sheared whistler can
be expressed in a Fourier series as
E =
X
k
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E⊥k = −∇⊥ϕk = −ik⊥ϕk,
Ezk = −ikzϕk + i
ω
c
Azk = −ikzϕk
c2k2
ω2
p + c2k2, (8)
and
Ak ' zAzk, A⊥k ' 0. (9)
ϕk and Ak are the scalar and the vector potentials corre-
sponding to the wave (ω,k) and z is the unit vector along
the ambient magnetic ﬁeld B0. The energy density of the
sheared whistlers is
Wk =
*
B2
8π
+
E2
8π
+
menev2
e
2
+
miniv2
i
2
+
, (10)
where ne and ni are the electronic and ionic densities, ne '
ni ' n0; B is the magnetic wave ﬁeld; ve and vi are the elec-
tron and ion velocities. After some calculations, one obtains
Wk '
k2 |ϕk|2
2π
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c
"
1 +
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c
2ω2
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ω2
p
c2k2
#
. (11)
The total instability growth rate γ can be calculated consid-
ering the exchange of wave energy with ions and electrons
∂
∂t
Wk = −hje · Ei − hji · Ei
= 2(γe + γi)Wk ≡ 2γWk, (12)
whereji andje aretheionicandelectroniccurrentdensities.
The average work produced by the wave ﬁeld E(Ex,Ey,Ez)
on the electrons is
hje · Ei
= −ene
Z Z Z 
vxE∗
x + vyE∗
y + vzE∗
z

δfed3v + c.c., (13)
where (vx,vy,vz) are the cartesian coordinates of the elec-
tron velocity v, and δfe is the perturbation of the electron
distribution function fe
fe = f0 + δfe,
δfe =
X
k
δfk (vz,v⊥,θ)exp(−iωt + ik · r), (14)
where θ is the azimuthal angle; vz and v⊥ are the par-
allel and the perpendicular velocities, respectively (vx =
v⊥ cosθ, vy = v⊥ sinθ). Then, the Vlasov equation leads
to the expression
∂
∂θ
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After some calculations, Eq. (15) can be written as
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where
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Solving Eq. (18) leads to
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where the constant C vanishes, owing to the periodicity con-
dition δfk (θ) = δfk (θ + 2π). Then, one obtains
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and, deﬁning
α =
c2k2
ω2
p + c2k2, β = 1 − α,
G(vz,v⊥) =

αkz
∂f0
∂vz
+
nωc
v⊥

∂f0
∂v⊥
− β
kz
ω
3f0

,(22)
one obtains
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where Jn is the Bessel function of order n. Then, the work
(Eq. 13) can be expressed as follows
hje · Ei = −ene
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Using the Plemelj formula with ω = ωr + iγ
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we obtain the growth rate associated with the electrons
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where the resonant velocity is
vzn =
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. (30)
The growth rate associated with the unmagnetized ions can
be calculated by taking into account the damping of the wave
at the Landau resonance
γi ' −
Imε
∂Reε/∂ω
, (31)
where ε(ω,k) is the dielectric function. For a maxwellian
ion velocity distribution
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where Ti and vTi are the temperature and the thermal velocity
of the ions, one can use the electrostatic limit where
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The normalized ion growth rate for sheared whistlers is then
given by
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2.2 Expressions with reduced distribution functions
Let us deﬁne the function Fn (vz) as the reduced electron ve-
locity distribution
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Then one can write using Eq. (29) that
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Supposing further that f0 (vz,v⊥) = fz (vz)f⊥ (v⊥) and
k⊥v⊥/ωc ≤ 1, we have
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and, then, using the normalization of f⊥(v⊥), one obtains
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Thus, taking into account only the main resonances n =
0,±1, one obtains the total normalized growth rate of the
sheared whistlers in the form
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Ti
!
,(41)
with

α + β
ωc
ω
2
= α2
+,

α − β
ωc
ω
2
= α2
−. (42)
If the parallel velocity distribution function is a maxwellian
(with no suprathermal tail), that is fz = fM, it is well
known that no instability can develop and that the corre-
sponding electron growth rate γe = γeM is thus nega-
tive (even if some terms in the expression (41) are posi-
tive). Let us now superpose to this maxwellian a suprather-
mal tail with a negative or constant slope in the region
where the parallel velocity vz is positive. The electron
growth rate γe of the resulting distribution fM + fT is the
sum of the growth rates γeM and γeT due to each distri-
bution. The terms contributing to the growth rate γeT for
the tail distribution (with no maxwellian) are the follow-
ing: sign(kz)
k2
⊥
2ωckzα2
−fz(ω+ωc
kz ) is obviously a positive term,
sign(kz)α2
−
∂fz
∂vz

ω+ωc
kz

is negative or zero (tail with negative
or constant slope), the terms sign(kz)
k2
⊥


v2
⊥

4ω2
c
α2
+
∂fz
∂vz

ω−ωc
kz

and −sign(kz)
k2
⊥
2ωckzα2
+fz(ω−ωc
kz ) give no contributions be-
cause fT = 0 for negative velocities (we have supposed
that kz > 0 and thus we consider all the range of posi-
tive and negative velocities; here, vz = ω−ωc
kz < 0), and
sign(kz)α2 ∂fz
∂vz

ω
kz

is negative or zero. Thus, the only pos-
itive contribution to the growth rate when the distribution
function is constituted by a maxwellian bulk and a suprather-
mal tail comes from the term sign(kz)
k2
⊥
2ωckzα2
−fz(ω+ωc
kz ) >
0. This means that a necessary condition for the fan instabil-
ity to develop is that the amount of particles in the velocity
region of the anomalous Doppler resonance is enough to bal-
ance the negative contributions provided by the other terms.
In the limit of lower hybrid waves, one has α = 1 and
Wk '
k2 |ϕk|2
2π
ω2
p
ω2
c
"
1 +
ω2
c
ω2
p
#
, (43)
so that the normalized growth rate associated with the elec-
trons in Eq. (41) can be simpliﬁed as
γe
ωc
'
πωωcsign(kz)
2k2

1 +
ω2
c
ω2
p

(
∂fz
∂vz

ω
kz

+
k2
⊥


v2
⊥

4ω2
c
×

∂fz
∂vz

ω − ωc
kz

+
∂fz
∂vz

ω + ωc
kz

−
k2
⊥
2ωckz

fz(
ω − ωc
kz
) − fz(
ω + ωc
kz
)
)
. (44)
3 Fan instability in the solar wind
Letusnowestimateifshearedwhistlerwavesorlowerhybrid
waves can be excited in the solar wind by the mechanism of
fan instability, considering, for example, typical solar wind
parameters recorded in situ by space experiments during the
observations of solar type III radio bursts (Thejappa et al.,
1995; Thejappa and MacDowall, 1998; Ergun et al., 1998)
or of dispersive bursts of ﬁeld-aligned electron ﬂuxes in the
Earth’s auroral region (Ergun et al., 1993). For the ﬁrst case,
onechoosesmeasurements fromErgunetal.(1998) andThe-
jappa and MacDowall (1998)
ωp
ωc
' 167,
ωp
2π
' 25kHz,
ωc
2π
' 150Hz
2-3 ωlh . ωr .
ωc
2
,
Eb ' 2-12keV, Te ' 10 eV,
Te
Ti
' 2,
10−3 . k⊥ . 2 10−3m−1, (45)
and from Ergun et al. (1998) and Thejappa et al. (1995)
ωp
ωc
' 130,
ωp
2π
' 13kHz,
ωc
2π
' 100Hz
2-3 ωlh . ωr .
ωc
2
,
Eb ' 2-12keV, Te ' 15 eV,
Te
Ti
' 4,
10−4 . k⊥ . 5 10−4m−1, (46)
where ωlh is the lower hybrid frequency and Eb is the beam
energy domain resonant with the Langmuir waves detected
along with the whistlers; Te and Ti are the electron and ion
temperatures; k⊥ and ωr are the perpendicular wave vector
and the frequency of the waves identiﬁed as whistlers, re-
spectively. Note that the two chosen samples of parameters
(45)–(46) are rather similar, but the corresponding perpen-
dicular wave numbers are different by one order of magni-
tude.
On another hand, the auroral events discussed in Ergun et
al. (1993) are typical of the following physical conditions:
ωp
ωc
' 0.8,
ωp
2π
' 0.9 MHz,
ωc
2π
' 1.15 MHz,
2-3 ωlh . ωr .
ωc
2
, Te ' 0.2 eV,
0.025 . k⊥ . 0.1 m−1. (47)
In the three cases (45)–(47), ”oblique propagating” whistlers
have been identiﬁed and thus one can suppose that their par-
allel wave vectors verify |kz|  |k⊥|. However, let us men-
tion that for Eq. (47), the whistler emissions did not appear
to have been directly correlated with enhanced ﬂuxes of low-
energy electrons observed between 100eV and 3keV.
The physical conditions (45)–(47) have been used to
calculate numerically the linear growth rates of sheared
whistlers excited in the solar wind by the fan instability. Note
that our aim here is not to consider very complex electronC. Krafft and A. Volokitin: Interaction of suprathermal solar wind electron ﬂuxes 1399
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Fig. 1. Numerical calculations for solar wind plasma conditions: contour lines of constant level of (a) the electron velocity distribution
f0(v,v⊥) (in arbitrary units) as a function of the normalized parallel and perpendicular velocities vz/v∗ and v⊥/v∗, (b) the normalized
frequency ωr/ωc as a function of the normalized parallel and perpendicular wave numbers kzv∗/ωc and k⊥v∗/ωc, and (c) the normalized
growth rate γ/ωc as a function of kzv∗/ωc and k⊥v∗/ωc. The solar wind parameters are: ωp/ωc ' 167, ωc/2π ' 150Hz, ωp/2π '
25kHz, Te ' 10eV, Te/Ti ' 2. For (c), the values of the calculated growth rates are indicated on the picture.1400 C. Krafft and A. Volokitin: Interaction of suprathermal solar wind electron ﬂuxes
velocity distributions but to show that oblique propagating
whistlers can be excited through the fan instability when a
suprathermal population of solar wind electrons is present
along the magnetic ﬁeld lines. Thus, we simply model the
total electronic population by a maxwellian with a tempera-
ture Te forthe cold core and bya suprathermal taildecreasing
as a power law for the hot population; indeed, the most im-
portant point here is to take into account the existence of an
anisotropy of the electron velocity distribution in the parallel
direction. The exponent of the power law of the suprathermal
electrons and the fraction of them are typically of the order of
2÷3 and 5–10%, respectively (let us stress that we consider
here suprathermal tails produced by any solar wind distur-
bances which can enhance the hot tail population, as already
discussed in the Introduction). No anisotropy between the
parallel and the perpendicular temperatures of the electrons
of the bulk is introduced. The only anisotropy considered
here is due to the existence of the suprathermal tail extending
in one direction only. We assume that the ions are described
by a maxwellian with a temperature Ti, as discussed in the
previous section.
Figure 1 shows the results of the numerical calculations
performed with the values of ωp, ωc, Te and Ti given by
Eq. (45). The electron velocity distribution f0(vz,v⊥) is
represented (see the Fig. 1a) by contour lines of constant
level, as a function of the normalized parallel and perpen-
dicular velocities vz/v∗ and v⊥/v∗, showing the suprather-
mal electron tail extending in the parallel velocity direction
for vz > 0. The normalization factor v∗ is the thermal ve-
locity corresponding to Te =1eV, that is v∗ ' 5.9 105
ms−1. Figures 1b and 1c present the contour lines of con-
stant level of the normalized real frequency ωr/ωc and the
normalized growth rate γ/ωc, as a function of the normal-
ized parallel and perpendicular wave numbers kzv∗/ωc and
k⊥v∗/ωc, respectively. One can see that oblique propagat-
ing whistlers are excited through the fan instability (γ > 0)
over a large domain of k⊥, which covers the region where
such waves were observed (Eq. (45); indeed, values of k⊥
given in Eq. (45) correspond to 0.6 . k⊥v∗/ωc . 1.2, that
is to normalized growth rate values of the order of γ/ωc ∼5
10−3 (see the Fig. 1c). The lower frequency whistlers are
excited by the highest energy electrons and inversely (see
the Figs. 1b and c). At given k⊥, the growth rate increases
when kz decreases, that is when the electrons in anomalous
Doppler resonance with the waves become more and more
energetic. One estimates that for 0.01 . kzv∗/ωc . 0.1,
what corresponds to electron normalized resonant velocities
10 . vres/v∗ ' ωc/kzv∗ . 100 (ωr  ωc), the waves
are driven unstable by electrons with energies ranging from
100eV to 10keV. This range of energy corresponds well to
the region where the hot suprathermal tail of electrons can
be formed after the quasi-linear relaxation of the beam (ob-
served to have energies up to 12keV; Eq. 45). Note that by
taking the contribution of the resonances n = 0 and n = −1
off the expression of the growth rate, one has checked that
the instability is due to the anomalous cyclotron resonance.
In conclusion, one possible source of the whistlers observed
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Fig. 2. Numerical calculations for solar wind plasma conditions:
contour lines of constant level of (a) the normalized frequency
ωr/ωc as a function of the normalized parallel and perpendicu-
lar wave numbers kzv∗/ωc and k⊥v∗/ωc, and (b) the normalized
growth rate γ/ωc as a function of kzv∗/ωc and k⊥v∗/ωc. The
solar wind parameters are: ωp/ωc ' 130, ωc/2π ' 100Hz,
ωp/2π ' 13kHz, Te ' 15eV, Te/Ti ' 4. For (b), the values
of the calculated growth rates are indicated on the picture.
in Ergun et al. (1998) and Thejappa and MacDowall (1998)
is the free energy of the suprathermal electron tail which can
excite waves through the fan instability.
Another example can be provided by using the data
(Eq. (46) from Thejappa et al. (1995) and Ergun et al. (1998)
which are very close to the previous ones; however, in
this case, whistlers of larger perpendicular wavelengths have
been observed, corresponding to domains of wave numbers
where the fan instability is also stronger. Comparing the
calculated values of the frequencies ωr/ωc and the growth
rates γ/ωc of the waves (see Figs. 2a and b) with the mea-
surements of Thejappa et al. (1995), where whistlers with
k⊥ ' 5.3 10−4m−1 (k⊥v∗/ωc ' 0.5) and ωr/ωc ' 0.38C. Krafft and A. Volokitin: Interaction of suprathermal solar wind electron ﬂuxes 1401
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Fig. 3. Numerical calculations for auroral plasma conditions: con-
tour lines of constant level of (a) the normalized frequency ωr/ωc
as a function of the normalized parallel and perpendicular wave
numberskzv∗/ωc andk⊥v∗/ωc,and(b)thenormalizedgrowthrate
γ/ωc as a function of kzv∗/ωc and k⊥v∗/ωc. The solar wind pa-
rameters are: ωp/ωc ' 0.8, ωc/2π ' 1.15MHz, ωp/2π ' 0.9
MHz, Te ' 0.2eV. For (b), the values of the calculated growth
rates are indicated on the picture.
were observed, one can see that the domain where the fan
instability destabilizes whistlers overlaps the region of ob-
servation of such waves (nevertheless, in our case, the waves
are excited with similar wave numbers but with lower fre-
quencies). The domain of instability corresponds roughly to
0.01 . kzv∗/ωc . 0.06 (Fig. 2b), that is to 16 . vres/v∗ '
ωc/kzv∗ . 100, that is to resonant energies above 250eV.
Finally, the same conclusion can be stated as in the previous
paragraph.
Let us now consider the auroral plasma conditions
(Eq. (47). In this case, the solar wind parameters, and in
particular the ratio ωp/ωc, are very different from the pre-
vious ones. The observed range of wave numbers (Eq. (47)
corresponds to the domain 0.01 . k⊥v∗/ωc . 0.05, where
thecalculationsshowthatshearedwhistlerscanbedrivenun-
stable, as one can see on Figs. 3a and b which represent the
contour lines of the constant level of ωr/ωc and γ/ωc as a
function of kzv∗/ωc and k⊥v∗/ωc. Whistlers are destabilized
by the fan instability only for kzv∗/ωc & 0.004, which corre-
sponds to resonant electrons with vres/v∗ ' ωc/kzv∗ . 250,
that is to electrons with energies ranging up to 60keV; such
electrons were not observed in Ergun et al. (1993) but are
known to exist in the disturbed auroral magnetosphere. How-
ever, whistlers with higher frequencies than those observed,
that is with 0.1 . ωr/ωc . 0.2, can be excited through the
fan instability by low energy electrons, as those considered
byErgunetal.(1993), buthigherenergyelectronsareneeded
to excite sheared whistlers in the same ranges of wave num-
bers and frequencies, as indicated in Eq. (47).
In conclusion, the possibility to excite oblique propagating
whistlers or lower hybrid waves by the fan instability in solar
wind plasmas has been demonstrated. As during the linear
and the nonlinear stages of its evolution, this instability can
give rise to characteristic peculiarities in the parallel velocity
distribution of the electrons (as bumps in the suprathermal
tail, for example), it can indirectly drive other instabilities
(as bump-in-tail instabilities generating Langmuir waves)
and thus eventually play a fundamental role in the nonlin-
ear wave-wave and wave-particle interaction processes ob-
served in the solar wind in various regions of the interplan-
etary space and of the near-Earth’s environment. Moreover,
the nonlinear stage of the fan instability, which will be stud-
ied in detail in a forthcoming paper, could inﬂuence signiﬁ-
cantly the nonlinear physical mechanisms and, more specif-
ically, on the Langmuir turbulence processes which govern
the solar type III radio bursts generation.
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